Light transmission through ice and light conditions beneath ice have been investigated in the mild winter of the year 2000 in eight Estonian lakes and in one braclush water basin, Santala Bay in the Gulf of Finland. A new system designed for optical measurements beneath the ice was successfully tested. In the water body the vertical profiles of photosynthetically active radiation (PAR), temperature and oxygen were mapped. The concentrations of optically active substances (dissolved organic matter, chlorophyll a, particles) were estimated for water samples and meltwater of ice samples. The PAR band albedo was 0.28-0.76 and transmittance was 1-52% for the icelsnow cover. The light field below ice was much more diffuse than in open water conditions. Euphotic depth was 0.1-5.5 m. The amount of yellow substance in lake ice is very small in comparison with the lake water; lake ice may contain a lot of particles, but their source is atmospheric fallout rather than the water body. In some lakes a depletion of oxygen was observed. There were considerable differences between the fresh and brackish water ice (structure, stratigraphy, amount of impurities), which influenced the underwater light field.
Introduction
L a k e i c e cover forms a barrier between the atmosphere and the water body, a n d it plays a major role i n l a k e ecosystems b y affecting on t h e volume of liquid water, mixing, sedimentation, aeration and light conditions. It h a s been shown that the i c e cover affects phytoplankton photosynthesis in water and therefore also the vertical distribution of nutrients and living organisms (Fritsen and Priscu 1999) . However, in general the links between ice geophysics and ecological processes in lakes have not been well quantified.
In Estonian lakes and the coastal waters of Gulf of Finland the winters are characterised by a pronounced diversity. Snow and ice are products of cold weather and precipitation, and therefore they vary widely from the fresh stages in autumn to the spring melting season as well as from year to year in their thickness and properties (temperature, crystal structure, transparency, albedo, impurities, etc.) (Michel and Ramseier 1971; Perovich 1998; Granberg 1998 ). Lake ice is also different in quality from brackish ice, which contains brine channels where phytoplankton may grow.
Several studies have been performed on the snow and ice of Estonian lakes and the Baltic Sea (e.g., Palosuo 1963; Tooming and Kadaja 1995; Lepparanta et al. 1998) . The optical properties of ice have been mostly investigated for the Arctic and Antarctic sea ice (e.g., Arrigo et al. 1991; Allison et al. 1993; Perovich 1998) . Field investigations on the optical properties of Baltic Sea ice commenced in 1998 (Rasmus et al. 2002) but in Estonian lakes such work has not been done prior to this study.
The present paper reports the results of a pilot study on the optics of ice and snow and the under-ice light field in Estonian lakes, with comparisons with a brackish water basin (Santala Bay in the Gulf of Finland, with a salinity of about 5%0). A new measurement system was designed and tested for the under-ice radiation measurements. The data consist of irradiances, optically active substances (OAS) in ice and water, and the temperature and dissolved oxygen in the water. They aid the understanding of the ice melting process and the wintertime ecological conditions in lakes.
Materials and Methods

Data Collected
The period of field measurements was January 18 to March 30, 2000, when the ice was safe enough for the work. Eight Estonian lakes and Santala Bay in the Gulf of Finland were investigated. The lakes span the range of trophic states, from oligotrophic to dystrophic, in the region 58"-60" N x 24"-27" E, and Santala Bay (at about 60" N, 23" E) is a small basin in the fast ice zone (Table 1) . For the solar radiation, spectral measurements were made from samples and PAR-band (photosynthetically active radiation, 400-700 nm) in situ plane (vector) and scalar irradiance measurements were made in the field. The data obtained consist of 1) Snow and ice thickness; 2) Structure (stratigraphy, crystals) of ice, based on thick and thin sections;
3) The concentration of chlorophyll a (Cchl) and the spectral (350-700 nm) attenua- Our data bank is rather irregular: in some cases all measurements were made, including some for different ice layers: Maardu (8 March), ~l e m i s t e (15 Feb and 23 March), Paukjav, Verevi, Nohipalu Valgjtirv, V6rtsjtirv, and Santala Bay (16 and 28 March) . The Santala radiation data were also used to estimate the spectral albedo (a) and PAR albedo (apAR).
Properties of Water and ice Meltwater
Water samples were usually taken from depths of 0.1, 1, 2, and 4 m beneath the ice.
Ice cores (cross-section 15 cm x 15 cm) were taken with a drill and a saw close to the sites of the irradiance measurements. They were horizontally sliced into pieces, which were melted before analysis.
The concentration of suspended matter was determined by its dry weight after filtration of the water through cellulose acetate filters (Millipore, pore diameter 0.45 pm); at least 112 liter of water was filtered. For chlorophyll a, seston water was filtered on Whatman GFIC filters. Pigments were extracted with ethanol and analyzed by a standard spectrophotometrical method at 665 nm. The spectra (350-700 nm) of c* and cf* were determined from water samples by laboratory spectrophotometer Hitachi U1000. The measured quantity is c* = c -cd, where c and cd are, respectively, the beam attenuation coefficients of the water sample and distilled water; the values were not corrected for small-angle forward scattering. The PAR attenuation coefficient was integrated from the spectral data. The spectral and PAR attenuation coefficients are rather good indicators of the transparency and quality of water (Arst et al. 1996 (Arst et al. , 1999b . In filtered water the attenuation coefficient is close to the absorption coefficient of yellow substance because the contribution of scattering is small; here the attenuation coefficient at 380-nm is used to estimate the concentration of yellow substance. There were altogether 20 vertical profiles of temperature and dissolved oxygen measured using the oxymeter MARVET-JUNIOR, Estonia. For the ice meltwater the results about the concentration of suspended matter are not used here because they contained inconsistencies, which need further investigations. A major question is whether the freezing-melting cycle changes the properties of impurities in natural waters. A series of experiments on frozen and melted samples (the water samples were frozen for 8-10 days) from the turbid fresh water of Parnu River and the brackish water of Parnu Bay resulted in a huge increase (88-400%) of the concentration of suspended matter (Arst et al. 1999a ). We repeated this experiment using water samples from lakes ~l e m i s t e , Harku and Maardu in winter 2000. The results for Lake ~l e m i s t e showed good agreement with the previous investigation but for the other lakes the freezing-melting process did not have much influence. Surprisingly, while the concentration of suspended matter increased in the Lake ~l e m i s t e sample, there was no change in the PAR-band attenuation coefficient. To estimate the particle size distribution we filtered the sample through filters with the pore sizes of 8, 5, 3,0.45 and 0.22 pm. More than 95% (by weight) of the material was retained in the 8-pm filter. However, the effect of the freezing-melting cycle on the impurities remains unknown, and a wider set of experiments has to be performed. 
Radiation Measurements
For the PAR measurements under ice cover, a special device was constructed (Fig.  1 ). The consoles (2) are first alongside the telescopic probe (1). Then the device is lowered into the water through a 30 cm hole in the ice and fastened on the tripod (3). Then consoles are positioned horizontally using cords (4). By changing the length of the probe and the inclination of the legs of the tripod, the desired measurement depth can be selected. The system allows irradiance measurements to about 1 m from the ice-hole in the horizontal direction down to a depth of 1.5 m. Two PAR sensors (LI-COR, inc. USA) were used: LI-192 SA (plane irradiance) and LI-193 SA (scalar irradiance). Downwelling plane irradiance is the irradiance coming onto a plane surface from the upper hemisphere while scalar irradiance is the irradiance coming onto a sphere (e.g., Jerlov 1968). Both sensors have been separately calibrated for quantum irradiance. In the air the quantum irradiance of 4.6 kmol s-1 m-2 corresponds to a radiative energy of 1 W m-2 but in the water this relationship depends on water properties (Reinart et al. 1998) . Incident PAR was measured with the LI-192 SA sensor simultaneously with the underwater measurements.
The instrument was first lowered into the water and then brought back to the surface, recording was done in both directions. To examine the patchiness in the optical properties of ice cover the procedure was repeated at other locations.
Transmission of PAR through the snow and ice is taken as the ratio of transmitted to incident irradiance. Depth averaged plane and scalar diffuse attenuation coefficients of water (Kd(PAR) and K,(PAR)), defined by the exponential attenuation laws for plane and scalar irradiance, respectively, were obtained using the least-squares method from the vertical irradiance profiles; the coefficient of determination was always greater than 0.96 in the regression.
The albedo was estimated from ST 1000 spectrophotometer (Ocean Optics, inc. USA) data, adjusted for out-door measurements . The downwelling and upwelling spectral irradiances were measured simultaneously with 27c cosine collectors over the band 350-850 nm. Under low light conditions upwelling irradiance above a wavelength of 700 nm may be influenced by the insufficient sensitivity of the sensor. For the PAR band albedo was obtained by integration from the spectral data.
Properties of Ice and Water
Ice Surface and Structure
Winter 2000 was mild with not much snowfall in the study region (GLOBE database; http:Nwww.globe.govl). An especially uncommon feature was the mildness of February: the mean midday temperature was 1-0.7 "C while the long-term average is -6 "C (Russak 1990) . Lakes froze over in December 1999. In January the ice was mostly snow free and its thickness was around 15 cm (Table 1) . During the lake observation period (18 Jan-30 March) the ice thickness was 14-30 cm, and only in four cases in February was there any snow cover (1-6 cm). The ice surface was slightly rough under the snow while dry bare ice was mostly smooth and looked grey. Toward the end of February a thin water layer formed on the ice due to the snow melting. Apart from Lake Vbrtsj2rv our lakes are relatively small, and the snow and ice cover seemed to be homogeneous.
The vertical structure of the ice sheet had clear and opaque layers. Lake Verevi ice (Fig. 2a) had a typical lake ice sheet structure. On top there was opaque snow-ice (5 cm) and beneath that clear congelation ice (17 cm). There were many large (diameter up to 5 rnrn) gas bubbles inside the congelation ice. More complicated cases were also found: In Lake VbrtsjSirv (Fig. 2b) there was a snow-ice layer on top (3 cm) and a lower opaque layer at depths of 18-22 cm, possibly frazil ice; Lake Maardu ( Fig.  2c) ice had a 3-cm opaque top layer and another opaque layer at 9-17 cm with many gas bubbles, probably due to gas release from the water body or bottom plants.
Thin sections were prepared to examine the crystal structure of ice in polarized light. The result showed typical lake ice features: the snow-ice layer consisted of small crystals (-0.1 cm) while the congelation ice was columnar, the size of columns growing with increasing depth. As an example, the ice structure in Lake Harku is presented in Figs. 3a-c. The thick section shows the distribution between snow-ice (5 cm) and congelation ice (17 cm). Snow-ice was fine-grained with one dark line seen at a depth of 4 cm, probably due to earlier surface melting. The transition to columnar ice was very rapid (only a 0.2-0.3 cm transition layer). The columns were 0.5 cm wide and 2-3 cm long, deeper down the dimensions became twice that much. In Santala Bay the observations were made during 15-30 March. The ice thickness was almost constant over the basin (variation less than 2 cm) but hoarfrost and cracks (larger ones covered by ice) as well as patches of fresh snow and melting dirty snow were found. At the end of March typical whitening of ice cover was noted, likely due to hoarfrost inside the ice. The ice thickness decreased from 29 cm to 21 cm during the observation period. The crystal structure is shown in Figs. 3d-f. The thick section was 26.8 cm deep and looked opaque in normal light. The top 13 cm was snow-ice and included many gas bubbles. The lower part was congelation ice, clearer than snow-ice but due to the brine channels much more opaque than in lakes. The thin section show that snow-ice crystal size was 0.05-0.5 cm while the congelation ice consisted of columnar crystals with lengths up to 10 cm and a horizontal size of up to 1 cm. There was no sudden transition into a columnar zone like as the Harku ice sample.
Optical Properties of Ice and Water
During freezing dissolved matter is partly separated from the growing ice into the underlying water. The separation factor is 20-50% in sea water but should be much less in very low salinity lake water (Weeks 1998) . Not much is known about the separation of suspended matter. An additional input of impurities comes from atmospheric fallout. The result is that the amount of the yellow substance in meltwater of lake ice is much smaller than in the underlying water, as illustrated by the vertical profiles of the attenuation coefficient c*f (380 nm) in Fig. 4 . The largest differences were found in eutrophic lakes (V6rtsjSirv, ~lemiste); also in the dystrophic N. Mustjarv (not shown in the figure) there was a similar large difference. In these lakes the ratio of c*f (380 nm) between water and ice was more than 12, while in the oligotrophic Lake PaukjSirv it was only 3. cover. The zero depth refers to the ice bottom, the depth scale in the ice is in decimetres, in the water it is in (negative) metres. The zero depth refers to the ice bottom, the depth scale in the ice is in decimetres, in the water it is in (negative) meters.
The PAR-band attenuation coefficient c*pAR gives a good description of the amount of impurities. Interesting examples of vertical profiles in the ice meltwater are shown in Fig. 2 for lakes Verevi, Vbrtsjarv and Maardu. The maxima of c*pAR are coincident with the opaque ice layers. Atmospheric fallout most probably is the reason for the surface maximum; the attenuation is especially high in Lake Verevi, located in the town of Elva where a lot of houses are heated with wood. The maximum of c*pAR inside the ice sheet is coincident with maximum chlorophyll a. Lake N. Mustjilrv ice is comparable with the other lake ice samples but this lake is an extreme example with a very high amount of yellow substance (Arst et al. 1996 (Arst et al. , 1999a . Fig. 5 gives a general picture of the profiles of the PAR attenuation coefficient. In the eutrophic lakes (~lerniste, Vbrtsjilrv) the water beneath the ice is less transparent than the ice meltwater, but in clear water lakes (Paukjarv) the opposite result was obtained. Atmospheric fallout on the ice of clear water lakes causes a higher attenuation coefficient in the ice than in the water. In brackish waters the ice captures more dissolved matter than in lakes. In Santala Bay the ratio of c *~ (380 nm) between the water and ice was 4. Also the ice meltwater there is less transparent than the water beneath the ice because brackish ice contains brine pockets where phytoplankton may grow. refers to the ice bottom, the depth scale in ice is in decimetres, in water it is in (negative) metres.
Ice and Water Properties and Light Fields
Chlorophyll a, Temperature and Oxygen
The chlorophyll a level is low in lake ice (0-3 mg m-3) compared with the level in water. Occasionally very high concentrations were measured: e.g., 30.8 mg m-3 in Harku on 3 February, maybe due to water in this eutrophic lake flooding onto the ice and freezing. There are three characteristic variants for the vertical distribution of chlorophyll a in ice and the underlying water (Fig. 6) . A maximum (39.7 mg m-3) was observed just below the ice in Lake ~l e m i s t e on 15 Feb (Fig. 6a) , probably due to the mild winter with a thin ice and snow cover, favouring good light conditions in the water. Often the maximum was found a little deeper, at around 1 m (Lake N. Valgjarv in Fig. 6b ). The Santala Bay case is totally different. The lower surface was porous and green-coloured due to algae growth in brine pockets, and the maximum chlorophyll a level (13.5 mg m-3) was at the bottom layer of the ice (Fig. 6c) ; the level of chlorophyll a increased with depth in the water. Lake water temperature increased with depth, and the thermocline was at 2-4 m (examples in Figs. 6a-b) . In general the water warmed from January to March just below the ice from 0 to 1.2 "C and at a depth of 2 m from 0.4 to 4.2 "C; the thermocline rose to 1.5 m. During the winter oxygen content decreased quickly from the depth of 0.5-1 m to deeper layers (Figs. 6a-b) where in some cases the minima were dangerously low for living organisms. The conditions varied from virtual anoxia in Lake Verevi (02 level less than 2 mg m-3) to supersaturation in the epilimnion of Lake ~lerniste (140%) where phytoplankton started to grow intensively in spring; in Lake Verevi, however, anoxic conditions have been observed also in summertime. Oxygen deficiency in eutrophic lakes under thick ice and snow cover has also been reported by Huttula & Ndges (1998) .
At the end of March the water in Santala Bay warmed quickly, from 1.8 to 3.3 "C in two weeks. The maximum temperature was at 1-1.5 m depth, and then the temperature decreased down to 1-2 "C in deeper layers (Fig. 6c) . The oxygen level was close to saturation (80-120%), higher values observed in deeper layers where the temperature was lower (Fig. 6c) . The oxygen profiles showed a weak minimum at 1 m in depth, then a slight increase and almost constant values in the 2.5-5 m layer. The exchange of water with the Gulf of Finland helped to preserve the oxygen content. The maximum bulk salinity of the ice was 0.45%0 and it decreased in the latter half of March to 0.18%0 since the ice became warmer and brine flowed out. The salinity profile was a weakly inverse c-shape as is normal for spring ice (Fig. 6c) . In the water beneath the ice, a sharp thermocline accompanied the halocline. Salinity increased in the first meter from 0.98%0 to 4.89 %o and then further to 5.33%0 at the bottom.
Comparison with Ice-free Period The results for the under-ice water samples can be compared with the long-term icefree period (May-Oct) data from the same lakes. The range of the concentrations of suspended matter and chlorophyll a and attenuation coefficients at 380 nm and PAR band are shown in Table 2 . As expected the summer maxima are always remarkably higher than the winter values, but summer minima are comparable with winter minima (in some cases even smaller). The smallest differences were observed for the 380-nm attenuation coefficient except for Lake N. Mustjbv, where its summer values exceeded its winter values 2-5 times. Examples of the spectral attenuation coefficients of unfiltered and filtered water samples are shown in Fig. 7 for the turbid Lake ~l e m i s t e and the clear Lake Paukjarv. Unfiltered water shows smaller light attenuation in winter than in summer for both lakes due to the difference in the amount of suspended particles. Filtered waters (lower plots of Fig. 7) give practically coincident result in summer and winter, which means that there is a more or less a fixed all-year amount of yellow substance.
Solar Radiation Albedo and Transmittance of Ice Cover
At latitudes 58"-60" N winter is characterised by short days and large solar zenith angles (56"-83" for our measurements), which cause low values of incident PAR. We had a clear sky only on 28 and 29 March, in other cases the sky was partially or even totally cloudy (28, 29 Feb; 17, 18, 23, 30 March) . The diurnal maximum incident downwelling irradiance varied about tenfold during the experimental period (1 10-1,310 pmol m-2 s-1) while the downwelling irradiance 0.5 m below the ice was 1.4-286 pmol m-2 s-1.
Albedo measurements were made in Santala Bay where the ice surface conditions varied from melting wet ice to refrozen snow patches (Table 1) . PAR albedo was 0.28-0.76, being lowest for ice covered by a thin water layer and highest for snow patches. Fresh snow albedos were typically high (0.8-0.9) and constant in the PAR band as reported earlier for Santala Bay by Rasmus et al. (2002) . The albedo of deteriorated snow had a weak maximum at 550 nm with the overall level above 0.4.
Light transmittance in the PAR band (TPAR) through the icelsnow sheet was most strongly affected by the presence of snow cover (Table 3) . Depending on the snow thickness the transmittance varied from 1 to lo%, increasing about seven times when the snow was removed. With a thin layer of water on the ice the transmittance increased and varied only slightly (37-41%) in different lakes. The transmittance of brackish ice in Santala Bay varied from 15% with melting snow patches to 52% for 15 cm clear ice. Fritsen and Priscu (1999) showed that often in spring an additional attenuation of PAR inside the ice is observed due to ice whitening (hoarfrost, increase of brine volume, phytoplankton bloom inside the ice). A rapid increase in transmission occurs only during the latter half of spring when the ice is thin and contains a lot of water.
Characteristics of the Solar Light Field under the Ice Cover
The plane and scalar diffuse attenuation coefficients Kd(PAR) and K,(PAR) describe the vertical transfer of PAR from the surface down to deep layers inside the water column. There were large differences between the investigated water bodies (Table  3) : Kd(PAR) was one order of magnitude smaller in Lake Paukj2kv (clearest) than in (Table 2) . Removing the snow increased the attenuation coefficients by the factor of 1.1-2.6, because snow is a highly scattering substance and the radiation penetrating through snow is much more diffuse. Also, e.g., Kd(PAR) is higher for direct solar beams at zenith angles greater than 38" than for a diffuse light field (Kirk 1984) . There is a strong correlation between the plane and scalar diffuse attenuation coefficients (R=0.91; N=12; p<0.0001) but Ko(PAR) is about 10% higher. In open water conditions in same water bodies the opposite is true: Kd(PAR) is about 10% higher . It should be noted that winter measurements were performed only to depth of 1.5 m and Ko(PAR) probably does not decrease so quickly in deeper layers.
The vertical profiles of the diffuse attenuation coefficients were estimated from the irradiance data at 0.25-m step: Kd,o = 4 m-1 X ln[Ed,o(~l)/Ed,,(~2)] where E is irradiance. In the lakes with varying amounts of OAS and with measurements made over a longer period these profiles showed variability: typically the attenuation coefficient decreased with increasing depth, but occasionally the opposite result was obtained. The latter cases (e.g., Fig. 8b ) probably show the increase of OAS with depth (in homogeneous water both coefficients should decrease with depth). By our measurements the increase of Kd(PAR) with depth is accompanied with a remarkable in- crease of the concentrations of suspended matter and chlorophyll a as well as the beam attenuation coefficient. In Santala Bay the diffuse attenuation coefficients decreased with increasing depth (a typical example is shown in Fig. 8a ). The parameter describing the angular distribution of under-ice light field is the ratio of plane and scalar irradiances Ed/E,, measured, respectively, by a planar cosine sensor and a spherical sensor (Table 3) . It depends on the incident solar irradiance, solar zenith angle, and absorption and scattering coefficients (Bannister 1992 ). As we go deeper into the water column the effect of the surface conditions becomes negligible, inherent optical properties prevail, and in homogeneous water the apparent optical properties reach asymptotic values. The ratio Ed/Eo is rather close to the average cosine of the light field since the upwelling light stream does not exceed Ed by more than a few percent in these waters (Arst et al. 1996) . (Fig.  9b) . A low value just under the ice (0.30) was measured in Lake Harku (3 March) in conditions of low sun and snow cover on the ice. Midday summer measurements show higher ratios, Reinart and Herlevi (1999) measured values of 0.43-0.90. Then the incident irradiance is mostly formed by sunrays, the light field becomes more diffuse deeper in the water, and a decrease of E& with depth results. Low values are expected under ice (as shown by Berwald et al. 1995) since in a highly scattering environment (in an ice layer a single scattering albedo is more than 0.95) the asymptotic average cosine of the light field is less than 0.42. The complicated depth profile of the average cosine (and increase with depth) is a result of "broadening" the radiance distribution (Bannister 1992 Depending on ice and weather conditions the level of PAR at 0.5 m beneath the ice varies (Table 3 ). The relative plane irradiance was smallest (0.5%) in Harku, on 3 February and highest (35%) in Santala Bay on 18 March. However, because of the diffuseness of the light field there is actually more light available for photosynthesis in water: the scalar irradiance is at a depth of 0.5 m, 1-43% from the incident irradiance. There is also diurnal variation in the light field (Fig. 10) . Continuous measurements for one day showed that the ratio EdE, increased as the sun's elevation decreased and the portion of irradiance incident on the surface and penetrating the ice layer slightly increased. This is caused by the increase of the amount of diffuse light in total incident irradiance with solar zenith angle. The reflection of the direct solar radiation increases while the reflection of the diffuse component is almost the same until the sun goes down.
Ice and Water Properties and Light Fields
Attenuation of PAR determines the depth where photosynthesis is still possible under the ice cover. Commonly the euphotic depth is taken as the depth where PAR level is 1 % of the incident PAR. This depth was smallest (0.1 m) in Lake Harku with 2-cm snow cover and about 5.5 m in Lake N. Valgjarv. In Santala Bay it varied from 4.2 to 7.2 m depending on surface features. Thus under bare ice cover there are relatively good light conditions for phytoplankton growth but snow cover reduces the light remarkably. The euphotic depth in Estonian lakes during summer is 0.4-12 m. However, the temperature and stratification are totally different in winter thus changing conditions for phytoplankton growth, and this situation needs further investigation.
Conclusions
To understand the factors influencing the ecological state of ice-covered water bodies, a field programme was performed on under-ice light fields and the optical properties of ice, ice meltwater and water beneath ice. Observations were made in the mild winter of the year 2000 in eight Estonian lakes and in one brackish water basin, Santala Bay in the Gulf of Finland. A new system designed for the optical measurements beneath the ice was successfully tested. Our data bank for winter conditions is still small and our investigations will continue. The following conclusions were drawn: 1) There are large differences between the properties of fresh and brackish water ice (ice structure, amount of particles, and dissolved matter), which influence the underwater light field. The vertical profiles of temperature and dissolved oxygen in the lakes and in Santala Bay are also different. 2) Despite temporal changes in the properties of ice, the most important factor affecting the albedo and transmittance of ice is the snow cover. Ice surface PAR albedo was 0.28-0.76, lowest for ice covered by thin water layers and highest for snow patches. Ice cover transmittance by the presence of snow is low (1-10%) but more without snow (4-52%).
3) The amount of yellow substance in lake ice is very small in comparison to that in the underlying water. The largest differences occur in eutrophic and dystrophic lakes. In Santala Bay the chlorophyll a concentration has its maximum in the bottom layer of ice, but in the lakes it is mostly just under the ice or a little deeper. In eutrophic lakes the beam attenuation coefficient is greater in the water than in the ice, but in clear waters (Lake PaukjSirv, Santala Bay) the opposite is true. Lake ice may contain a lot of particles, but this is affected more by atmospheric fallout than the water impurities. 4) The light field in the water is much more diffuse under snow and ice cover than in open water conditions. Therefore PAR available for photosynthesis (scalar ir-radiance) is higher than PAR measured by the plane sensors widely used in limnology. According to our measurements the ratio of plane to scalar irradiance under ice is 0.30-0.75, which is smaller than in summer conditions (0.43-0.90).
Plane and scalar diffuse attenuation coefficients Kd(PAR) -0.3-2.1 m-1 and Ko(PAR) -0.7-2.6 m-1 are close to the lower limit in ice-free period in the same lakes. 5) In winter the water is much more clear than in summer because biological activity and inflow from the shore is hindered. The concentrations of suspended matter and chlorophyll a as well as the beam attenuation coefficient under the ice are comparable with the minima and remarkably lower than maxima in the ice-free period. 6) Biological activity and the spring warming under the ice begin much before the ice actually melts. The winter euphotic depth was smallest (0.1 m) in the eutrophic Lake Harku with snow on the ice and much larger (5.5 m) in clear water lakes. If the ice is snow free, the euphotic depth is within the limits of summer conditions. Despite this, some depletion of oxygen was observed in lakes.
